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PROPERTIES  OF  CARBONATE  ROCKS  AFFECTING  SOUNDNESS  OF  AGGREGATE 

A  Progress  Report 

Richard  D.   Harvey,   Gordon  S.    Fraser ,   and  James  W.   Baxter 


ABSTRACT 

The  sodium  sulfate  soundness  test  (ASTM  C88)  of  crushed  stone  is  one 
of  the  principal  tests  for  acceptance  of  aggregates  for  use  in  concrete  high- 
way construction  in  Illinois.  A  general  study  was  made  of  122  coarse  aggregate 
samples,  and  20  of  these  were  chosen  for  a  more  detailed  study.  Correlations 
of  the  physical,  chemical,  and  petrographic  properties  of  carbonate  rocks  with 
their  soundness  loss  were  derived  by  statistical  and  graphical  methods. 

Indentation  hardness  decreases  significantly  with  increases  in 
soundness  loss.  Increasing  water  absorption  correlates  with  increasing  sound- 
ness loss  for  limestones  and  dolomites  when  the  alumina  content  of  the  samples 
is  low  (<  0.90$).  Alumina  and  absorption  appear  to  be  additive  in  their  ef- 
fects on  soundness.  Dolomite  content  correlates  with  soundness  in  a  less  sig- 
nificant manner.  Graphical  trends  indicate  increasing  soundness  loss  corre- 
lates with  increasing  dolomite  for  limestones  and  with  decreasing  dolomite  for 
dolomite  rocks.  Mean  pore  size  showed  little  or  no  correlation  with  soundness 
loss. 

Step-wise  multiple  regression  analyses  of  the  data  give  a  correla- 
tion coefficient  of  O.85  for  the  dolomites  and  one  of  0.83  for  the  limestones. 
The  standard  error  of  the  regression  estimate  of  soundness  losses  is  5.2  per- 
centage points  for  dolomite  and  8.9  percentage  points  for  limestone. 

Microscope  studies  reveal  a  laminated  or  partly  laminated  structure 
of  aggregate  particles  contributes  significantly  to  high  loss  of  soundness. 
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INTRODUCTION 

The  sodium  sulfate  soundness  test  (ASTM  C88)  is  the  test  used  in  Il- 
linois to  judge  the  resistance  of  a  sample  of  aggregate  (mainly  crushed  lime- 
stone or  dolomite)  to  deterioration  under  freeze-thaw  conditions.  The  test  in- 
volves alternately  soaking  a  weighed  sample  of  graded  aggregate  in  an  aqueous 
solution  saturated  with  sodium  sulfate  (Na2S0i+)  and  drying  it  in  an  oven.   Af- 
ter a  selected  number  of  cycles,  the  sample  is  thoroughly  washed,  sieved  to 
remove  small  broken  pieces,  dried,  and  weighed.  The  soundness  loss  is  the  weight 
loss  expressed  as  a  percentage. 

The  test  is  designed  to  accelerate  the  splitting,  flaking,  and  crum- 
bling that  occurs  when  unsound  aggregates  are  periodically  exposed  to  freezing 
weather.   The  growth  of  sulfate  crystals  in  the  pores  of  the  rock  during  dry- 
ing exerts  a  force  that  is  thought  to  be  similar  to  that  exerted  by  the  growth 
of  ice  crystals.  It  is,  however,  more  severe  and  tends  to  accelerate  the  break- 
up of  aggregate  particles.   In  similar  tests,  aqueous  solutions  of  magnesium 
sulfate,  sodium  chloride,  or  alcohol  are  used.  The  tests  are  thought  to  be  in- 
dicative of  freeze-thaw  durability. 

Experience  with  use  of  the  sodium  sulfate  soundness  test  in  Illinois 
has  been  generally  good.   The  maximum  acceptable  soundness  loss  for  aggregates 
that  are  to  be  used  in  concrete  pavements  and  bridges  in  Illinois  is  3  5  percent 
during  five  cycles  of  the  test.   The  test  results  are  expressed  as  a  percentage 
loss;  therefore,  a  high  numerical  test  result  indicates  poor  durability. 

The  soundness  test  requires  a  large  sample.   For  an  aggregate  that 
contains  particles  larger  than  1^  inches,  a  sample  of  7800  grams  (17.2  lb)  of 
a  specific  gradation  is  needed  for  the  C88  test.  To  obtain  the  required  weight 
of  each  of  four  sizes,  nearly  110  kilograms  (50  lb)  of  rock  must  be  collected 
from  the  field  or  from  cores  for  each  laboratory  test  performed.   In  testing 
aggregates  produced  from  operating  quarries,  the  size  of  the  required  sample 
presents  no  particular  problem,  but  in  testing  samples  from  selected  rock 
strata,  from  outcrops,  prospect  pits,  and  drill  cores,  the  amount  of  stone  re- 
quired is  excessive.   Further,  tests  on  cores  of  carbonate  rock  strata  crushed 
in  the  laboratory  frequently  give  lower  soundness  losses  than  commercially  pro- 
duced aggregates  from  the  same  strata  after  a  quarry  has  been  opened  up  on  the 
site  (Richard  Kiel,  personal  communication,  I969). 

For  these  and  other  reasons ,  acceptance  of  quality  aggregates  for  Il- 
linois highway  construction  is  not  based  on  tests  of  ledge  rock  or  drill  cores. 
Only  after  the  quarry  or  mine  has  been  developed  and  the  stone  commercially 
crushed  and  screened  will  contracts  be  let  for  highest  quality  aggregates  to  be 
used  in  portland  cement  concrete  construction.   Because  much  crushed  stone  in 
Illinois  is  used  for  road  and  bridge  construction,  the  fundamental  properties 
of  the  stone  that  cause  failure  in  the  test  should  be  determined,  and  these  prop- 
erties should  be  quantitatively  related  to  test  results  so  that  accurate  predic- 
tions of  soundness  can  be  made  from  measurements  on  relatively  small  samples. 

The  problem  of  evaluating  the  soundness  of  rock  by  testing  relatively 
small  samples  from  prospective  quarry  or  mine  sites  will  become  increasingly  acute 
as  greater  quantities  of  aggregates  for  construction  are  demanded  and  areas  of 
supply  decrease  because  of  urban  expansion  and  restrictive  zoning.   Our  studies 
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seek  to  determine  properties  or  indices  of  limestones  and  dolomites  that  can 
be  used  as  reliable  guides  in  prospecting  for  durable  aggregates  in  the  state. 

Previous  experience  and  test  results  have  produced  some  helpful  ideas. 
Woolf  (1928)  observed  a  correlation  between  the  absorption  and  soundness  loss 
(sodium  sulfate)  of  sedimentary  rocks.   Studies  of  natural  sands  by  Adams  and 
Pratt  (19I+5)  and  Mather  (19^7)  showed  that  an  increase  in  the  sands'  water  ab- 
sorption was  very  significantly  correlated  with  an  increase  in  their  loss  of 
soundness  (magnesium  sulfate  solution).   Verbeck  and  Landgren  (i960)  and  Powers 
(1955) »  using  direct  freezing  and  thawing  tests,  showed  that  pore-size  distri- 
bution, permeability,  and  degree  of  saturation  had  much  influence  on  the  freeze- 
thaw  durability  of  aggregates.   Dunn  and  Hudec  (1966)  concluded  from  a  study  of 
the  disintegration  of  stone  particles  during  water-soaking  and  oven-drying  that 
subfreezing  temperatures  are  not  necessary  to  disrupt  carbonate  rocks.   Their 
latest  work  (Dunn  and  Hudec,  1972)  supports  this  conclusion  and  goes  on  to 
state  that  clay  (largely  illite)  is  the  apparent  common  denominator  in  all  the 
water-sorption  sensitive  rocks  they  tested,  particularly  the  dolomitic  rocks. 

Experience  in  Illinois  suggests  that  clayey,  or  argillaceous,  materi- 
al in  a  limestone  contributes  greatly  to  high  loss  in  the  soundness  test.   An 
earlier  study  on  this  project  (Baxter  and  Harvey,  1969)  showed  a  good  correla- 
tion (correlation  coefficient  ,  0.79)  between  alumina  content  and  sulfate  sound- 
ness for  a  limited  number  of  drill  core  samples  of  fine-grained  limestones  and 
a  few  dolomites  from  the  upper  part  of  the  St.  Louis  Limestone,  Madison  County, 
Illinois.   The  present  study  is  an  expansion  of  the  previous  one  and  includes 
results  from  122  samples  of  carbonate  rock  taken  from  commercially  operating 
quarries  in  Illinois  by  Illinois  Division  of  Highway  personnel. 
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SAMPLES  AND  TEST  RESULTS 

The  samples  studied  for  this  report  are  representative  splits  of 
coarse  aggregates  from  the  Bureau  of  Materials  and  Physical  Research:   grada- 
tion CA  5  (95  percent  plus  one-half  inch),  CA  7  (55  percent  plus  one-half  inch, 
95  percent  plus  k   mesh),  and  CA  6  (55  percent  plus  h   mesh,  75  percent  plus  16 
mesh).   The  soundness  and  water  absorption  test  results  on  the  samples  are  given 
in  table  1,  along  with  results  of  mineralogical  and  chemical  tests.   The  sam- 
ples are  listed  by  number  in  the  table  in  order  of  increasing  geologic  age. 
Classification  by  geologic  unit  is  helpful  because  in  many  cases  the  test  re- 
sults of  more  than  one  sample  from  the  same  unit  in  an  area  are  nearly  the  same, 
making  the  unit  name  a  useful  guide  to  the  physical  properties  of  untested 
samples. 


-  k  - 


p, 

S 

u 

o 

m 

a 

«R 

< 

rH       CD 
P.    .O 

E     g 


f-    ON  VO     U> 

"-1      ■""     J-      f\ 

CM     CM     KN     O 


rH     rH     rH     O 


o  co   in  o 


ia  o   vo    CT\ 


J-    CM    w    d- 

ON    rl     to    d- 


a   X    P    >H 


•H 

Sh 

cl> 

B 

fn 

ri 

f>5 

>-. 

£ 

rH 

eel 

<i> 

CJ 

O 

Ir, 

> 

Pm  p4  ci,  cm 

u  co  t)  co 

rH  rH  r-t  rH 

rH  r-K  r-i  rH 

~—               -H  -H  -rl  'H 

Ph             >  >  >  > 

—           in  10  co  w 

h  ti  li  li 

CTj               CD  CD  CD  CD 

bO              rH  rH  rH  rH 

CD                t-l  r-i  rH  rH 


rH     CO       ON      rH 

I      I      I      I 

O      O      O      ON 
fr-    fr-    C—  NO 


*    MD 

C-    «h 


JH-     J-     J-     fr-    ON  CO     in 

ON     J-     NO      Lf\*-H      H     VO      rH 

CM      O      fr-    CO      KN.     rH 


OO     h-N    NO  rH 


rH      O 
rH     NO 


rH  O      CO 


NO     00 
O     OO 


lf\N     CO     N 


ON    ^±     f-*     in 


OJOOOrHCNjOOJO 


O        rH 


in  co  co  co   o    onknonj-co 

O     t —    f—    mOOrnNOr—    rH 


NO    CO 
00     O 


CO    NO     C\J     1/N 
r-N    0O      rH      rH 


& 

o 
Q 

1 
1 

o 
Q 

o 

o 

i 
I 

1 
1 

o 

1 

1 
1 

i 
i 

1 
1 

Of    & 

o 

o 

o 

& 

c 

c 

o 

o 

o 
a 

o 

(4 

I 
t 

cy 
o 
o 

a 

1 

1 

o 
o 

o 

a 

<y 

o 
Q 

o 

o 

o 

a 

& 
o 

o 

P 

o 

o 

a 

<3 

u 

o" 
o 

o 
o 

o 

o 

o 
& 

C_>     O 

o 

o 

o 

o 

o 

cj 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o   cy 

O     O     <3    O 


o    o 


oooooooooo 


O    CO     CM     ITNJd"     fr-    in    in  00     ONCM 


o   o   o   o 
o   o   o   o 


on  oo 

CM       f«N, 


ON  NO     n-v    00 
O     O     CM     CM 


in    ON    O     ONONCM     rl   CO     ONOCO 


rH      CO 
NO     ^ 


IT«    lf\  CO    J- 
fr-    CM     ON    LA 


C     C     C     C     C     C     C  c     c 

OOOOOOO  OO 

.P.P.P.P.P-P-P     C-P-P 
t/lwwtocoi/lr/i-HbObO 


•H>>>>>>>01/]10 
r-\     iH     'H     -rH     vH     -H     *H     iH      crj      CCj      CTj 


PHPHPnCHP-tPHPHP-lpHpHPH 


CDCDCDCDCOCDCDCDCOCDCD 
CDCDCDCOCDCDCDCDCDCDCD 

OOOOOOCJOOOO 


cOcrJcdcrJcrJcfJcocTjcfJcrJnJ 
OOOOOOOOOOO 


KN    ^O     fr-  CO 

r~i  in  rn  m  CNJ  in  NO  fr- 
COmKNKNrHrHrHCM 
mrHJ-jj-  |^  fT\  ff\  ^ 
rHrHt-HrHCVJCVJCMCM 


C  O 
CD  CD 
S     CH 


—  —         E    S 


—      —  C 


CD      CD      CD      CD 
>      >      >      > 

CD      CD      CD      CD 


>      >      >      > 


3  s 

e    c 


I 


I 


O     O     O     O     ON    ON 

t—    fr-    f-    fr-  NO    NO 


o   o  o   o 

r—  t>-  r-  fr- 


ee c  c 

•H     -rt  -H  -H 

■O     "O  T3  t) 

Sh      tl  5h  >H 


ESSE 


O       rH       rH 
O       rH      00 


o  <y  o 


oj 
b> 

Q< 
"    o     jj 

OJ 

§ 

•         •       T) 

O      CM         <U 

3 


a) 

a> 

id 

CD 

CD 

-I 

9) 

3 

w 

to 

W 

C 

C 

C 

c 

C 

n 

r 

o 

CD 

CD 

a) 

CD 

CD 

ij 

a> 

ij 

3 

•J 

J 

O 

o 

O 

O 

a 

■p 

o 

-p 

J 

^ 

J 

91 

11 

op 

CD 

CD 

CO 

0 

CO 

4-J 

43 

■P 

■P 

■P 

-p 

■P 

w 

CO 

00 

CO 

CO 

o 

co 

CO 

■H- 

m 

ND 

m 

NO 

ON 

■H- 

m 

d- 

OO 

K> 

a) 

CM 

CM 

m 

in 

UN 

UN 

in 

in 

m 

in 

O 

fr- 

m 

KN 

K\ 

in 

in 

^ 

'-t 

oo 

*-* 

r~l 

*-* 

-  5  - 




CM 

■fes. 

O 

•H 

CO 

CO 

-p 

3 

to 

<u 

S-. 

,_, 

id 

o 

•H 

KN 

E 

O 

to 

C\J 

x: 

r-i 

o 

<t 

CD 

■P 

•H 

e 

o 

o 

Q 

. 

W. 

CM 

* 

* 

V 

>! 

M 

o 

r-i 

C8 

Fh 

o 

0) 

CM 

c 

•H 

1 

s 

CM 

O 

CM 

A 

H- 

^^ 

c 

F. 

o 

CO 

•H 

■p 

P 

CO 

P, 

S 

Fh 

o 

to 

.Q 

•sr 

< 

to    ^ 

CO     ^R. 

^~~ 

<u    — 

d- 

c 

o 

•a    +- 

CO 

C     to 

CM 

3     to 

CD 

o    o 

s 

CO      rH 

~ 

to 

■H 

O 

>> 

c 

-p 

•H 

§ 

o 

H 

o 

* 

-p 

•H 

§ 

o 

60 

O 

O 

CD 

rt 

CD 

u 

Cl) 

P 

XI 

i 

§ 

CO 

c 

CM     KN    CM     rVN    C— 


O    O     O     O     m 


rH     NO      iTx 


o    a?  O      I 
.     .     .    I 

Of   of  o    & 


OOOOOOOrH 


rH    o    o    o    o 


LTN  NO     KN    NO  ^HCAir\K\HtOO\ 

i^i    Lf\   O     LP\OOO00C^-Or^o     rH 


o  o  o   q  a?  of  a 


a  o 

O 

Of           Of 

«      .    o 

o    o    O    o 

O 

o   o   o 

O    p    Q>    Q 


SP    O    9 


ff   O    Q    ff 


cm    o   d-    cm    cj-n 

"-"     ■->     "-"     CM     |T\ 


O  i-l 


WWHCOW^WCfll^HLfNLA^CA 
d-d-|f\NHrtNd-t-int<\HHVD 


cj    o    o 


00     KN    NO    0O    NO 

pr\    H   CO     h     [f, 


.3-COCOVOr^Lr\«-<'-<r^«-<«-tOCOr^  rH 


F<  Fh  Fh  U 

•H  -»H  tH  -H  Fh 

cd  cd  ctJ  rt  cd 

rH  r-t  rH  rH  rH 

o  o  o  o  >> 

3 

•  .  .  .  s: 

.p  .p  -p  -p  o 

CO  CO  CO  CO  CO 


■*} 

■d    -O 

c 

C     C 

cd 

cd    cd 

S  E  S  S  S 

10  V)  W  10  10 

•H  -H  *H  «H  *H 

3  3  3  P*  P* 

o  o  o  o  o 

hi  ^  l-l  iJ  ^ 

-p  -p  -p  -P  -P 

CO  CO  CO  CO  CO 


CO      l^\    CO     K\     ON 

o\  o    oj    O    r<-\ 

K\   CO     \T\    O     O 


c 

« 

10 

to 

to 

-1 

CD 

CD 

CD 

ID 

C> 

Fh 

Fh 

c 

H 

to 

<> 

c 

C 

C 

C 

o 

CI) 

CD 

CD 

a 

e 

0) 

u 

CD 

CD 

C) 

T) 

T! 

<l) 

CD 

CD 

Fh 

X 

rrt 

rfl 

t-i 

<u 

<i> 

a) 

tl) 

tl 

c 

d 

X 

X 

X 

F. 

O 

T) 

Tl 

cd 

u 

rH 

JH 

Fh 

td 

0) 

CD 

■H 

•H 

•H 

cd 

O 

•X 

< 

o 

rt 

rt 

CS 

C3 

K 

w 

W 

Ph 

Hh" 

P-, 

S 

« 

s 

S 

s 

s 

£ 

s 

S 

S 

S 

s 

s 

E 

s 

s 

c 

c 

C 

cl 

C 

c 

C 

C 

c 

c 

c 

s 

c 

c 

() 

C> 

O 

C> 

o 

<> 

O 

o 

o 

c> 

<> 

o 

(> 

o 

+> 

■P 

■p 

■p 

-p 

-p 

•P 

■p 

-p 

-p 

p 

-p 

-p 

•p 

O 

s 

s 

» 

V 

c* 

s 

s 

g 

9 

a 

s 

» 

a 

<* 

•l-l 

•H 

•H 

■H 

Ti 

•H 

•H 

■H 

■H 

•H 

•H 

•H 

iH 

>» 

rH 

rH 

rH 

rH 

H 

rH 

H 

i-l 

rH 

rH 

CD 

a 

Fc 

En 

§ 

Fh 

P< 

He 

b 

Fh 

9 

^ 

u 

IH 

Fh 

i-H 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

rH 

HI 

PJ 

PJ 

pq 

PJ 

m 

fi 

tu 

n 

M 

w 

HJ 

PJ 

On- 

cd 

to      CO      CO 


^  ^  Js!  ^J  ^  ^J 

Z  3  2  2  Z  2 

o  o  o  o  o  o 

0)  <D  CD  <D  <D  CJ 

M  W  td  W  ^  W 


xx2x222Z 

oooooooo 


3 


HI-    MD 
CMO.rJ-VOrr\OOa\Lr\  J-    CO    VO     H    \o 

o    c^rH>cx)co    lpvlpvOO    r-co    Lr\0\c--cx) 

C*-ONrHrHOr->rH^CT\MDCJ>OrHaNCT\ 
rH<-HK\rHrHrHrHCMMJCMrH^HrHCM 
I  I  I  I  I  I  I  I  I  I  I  I  I  I 

oooCT\a\oooooa\ooo 

C^-C—    1>-M3MD     [^-t^-I^C^^-MD     C —    C —    C — 


cr\  cm 

OO       rH 


O      O      O  rH      rH 


o   o 
&  <y 


c    c    c        —  — 


■H 

H 

-s 

S 
II 

■a 

rH 

10 

n-N    VO 

o 

r-\   MD 

S 

CD 

•H 

r? 

rH      J" 

^~ 

r"\    r>- 

• 

Vl 

0) 

R 

0 

■a 


S       -rt 

bo   O 

•h  a 


Coot 

•O  O  rH  E  rH 
CD  "H  cd  '-H  P* 
•P      CO      O      «      E 

cd    -h  o    cd 

■rl      >      to      Fh      to 


CD      H      10     XI      C 


H  Fh  Fh  Cd 

to  CD  cd  -P 

cd    ;>>  C  cd 

E    X>  •'H  to  t3 


CD      Fh      Cd      cd 

C     O    -P     c 


n 

Is- 

CD 

rH 

ON 

hn 

F 

CM 

IhO 

MD 

ON 

NO 

0 

rl 

CD 

( T\ 

rt- 

zi- 

o 

HT 

r-t 

CI) 

If 

CJ 

r-^ 

rr\ 

o 

O 

-p 

O 

1 

1 

1 

*""* 

*"* 

CD 

rt 

CD 

P 

o 

C)\ 

CTS 

o\ 

ON 

ON 

* 

MJ 

MJ 

vo 

vO 

NO 

* 

+- 

* 

-  6  - 


t3 
QJ 
3 

•H 
+J 

c 

a 
i 

H 

W 

5 




CM 

vs. 

o 

•H 

CO 

w 

J-> 

H 

3 

w 

9) 

fn 

rH 

a) 

o 

■H 

i.  i 

E 

o 

<D 

C\J 

£ 

r-\ 

o 

< 

CD 

+> 

•H 

S 

O 

r-K 

o 

o 

_ * 

V8. 

CM 

* 

* 

V 

>. 

M 

o 

rH 

nl 

U 

o 

a> 

CM 

C 

•H 

1 

S 

CM 

o 

C\J 

A 

H 

C     ?h 

O      CD 

•H     -p 

+j     aj 

P.    3 

?h   — 

o 

t/3     ^-* 

£1     •%?. 

a;    _ 

w   — - 

w   ^  -~ 

<D    —     j- 

C          o 

■3     +-     CO 

C      W       C\I 

3     co    nl 

o    o   s 

CO       rH      

w 

•H 

O       >5 

C    -P 

■H     C 

rH        3 

rH       O 

H     o 

* 

4-> 

•H 

g 

O 

•H 

hO 

O 

rH 

O 

CD 

a 

<D         rH 

rH      CD 

p.  a 

|    | 

CO 

a 

ON    C—    J"      LT\    rH 


CO    CO     f- 


t^     i-H     ,— l      ON     H     {J\    a\    O     CO      O      (\|     O    VO      K\     t-—     ON 


•-*•-*       ia  ir.  o   o    h 


C\j     O     •-!     --i     o 


r-.r-i.-H  OrHOrHrHrHrHOrHCMCMCM'-lrHrHl-l 


O       O  rH       rH      O       O       O 


o\vo4-nho\ow(\j  •^cooc\jvoour»«-<t^-'-HOir\j-Lr\i>-i>-         co    in         co  cm    a\         itn  co        cm  vo    »h    cm    o 


VO 

VO   vo 

LTN    d- 

Lf\    W    4-    (M    O 

oo  oo 

oo 

OO    00 

00     ON 

oo  oo   oj   on  <\j 

o  cy  o  c 


o   o   o 

&  of  & 


dcyooooo         oooooooo 


o         o   o 


a?        a?  a? 


ooooooooo 

QPQOQOQOQ 


OOCJOOOOOOOOOOOOO 
OQOOOQOQQQQPOQOQ 


a    «    O    O    O 


8. 

13 

Q. 

•u 
X 


f-    tr\  oo    a-    H-    VO    f\    O03 
NHrtHHirvwntM 


fN.      CM      LT\0J      ITN     LTN     *"»      CM      LT\«"HO       rH      ON     ON     KN    00 
CMLTNCMCMCMCMCMCMCMCMCMCMCMrHf-HCM 


C--  VO     ON 

CM  CM     CM 


3    IM    r-S    ift 


Lr\CMC—    rH    VO    jH/    VO     O     O 
rHrr\VOt^-rHCVJC^-rH00 


crvrHvovoo    t^zi-ooOjHr    on  c~  ltn  d-    c—  ^j- 
on  j-  oo    o    avoo    ononvooooooovovo    r«-N  vo 


oo  oo 


CM    CO     c—  OO     c*- 


ON     ON  rH      ^f       O       rH     O0 


W      CD      CD      CD 


DUUDCilllllODll 


x  x  x  x  x  x 


O     O     O     O     O     03 


Wl 

bfl 

U 

m 

m 

nl 

PH 

(i< 

Oh 

3 

^ 

3 

H 

P 

o 

!>>  !>»  r^  •* 

a)  a;  0)  al 

m  m  vi  X 

U  L,  Ph  C 

a>  cu  cu  aj 

rj  1-3  r,  W 


X 

CD 

CD 

.3 

nl 

5 

s 

nj 

9 

c 

c 

C 

c 

C 

c 

C 

a) 

n) 

n) 

ni 

3 

s 

S     ii     H     ri     H 
C       C     rH      rH      rH 


irf      W      S      3      S 


CD  CD 

c  c 

cfl  nl 

Sri  S^ 


tn 

nl 

n) 

rt 

ri 

c 

« 

CD 

a> 

r) 

T1 

•n 

o 

C 

C 

C 

" 

C 

o 

o 

m 

rfl 

i) 

<I) 

u 

n 

r? 

vrf 

bej 

M 

w 

w 

^    — ,  bo 


CO     CO     CO     CO     CO     CO 


OJ      4)      <D      <D 


nJnJaJrtrtnJcdnJoJ 

cixcKrCciCcB: 


-h  VO    J-    CO     -H- 

^i>-oojo^t-ooc\( 

IT,  inVO  VO  4.  t-lO  CM  0J 
CM  r-^\  t-—  t —  ' — «  <-<  h  co  CO 
I      I      I      I      I      I      I      I      I 

OOOOOaNCTsOO 
l>   IN    1>-    IS   f- VO    VO     C—C— 


COCOCOCOCOCOCOCOCOCOCOCOCOCOCO 


(DQ)CD<D(DQ)00(D<D<D<X>(U 
•H  -H  -H  -H  -H  -H  -H  -H  -H  -H  -H  -H  *H 
rHr- (rHr-lrHr-lrHi-HrHfHrHrHrH 

OOOOOOOOOOOOO 

•^,-3,-3'-^'--3l-3l-Dl-3r-3r-3r-3r-3t-3r0 


r^-H-  vO^cOCnOHCAOH  *- 

^O^^J-d-d-J-lAlAONOO  OOrH 

CO     LA    fO     CM     (VI     (VJ     CMOJCMVOO-C-VOrHVOVO 


X 

CO 

m 

c 

nl 

W 

CD 

<1> 

CD 

ni 

4J 

X 

« 

CD 
•H 

2 

id 
3 

rH 

c 

c 

O 

m 

m 

fjj        ~-  ■— 


00000 


ct]  nl  nj  rt  n5 
C  C  C  c  C 
CD      CD      CD      CD      CD 


O      ON 

--f 

en 

O 

rH       CM 

rH      O 

O 

0 

(C| 

KN      rr\ 

rH     VO 

CM 

CM 

r<A 

KN     KN 

OOOOO 
c^  r^  tr^  c —  t — 


-  7  - 


m 

V9 

— . 

(ii 

- 

C 

O 

T( 

+- 

m 

c 

in 

c\ 

3 

to 

id 

i~i   vo    o    O    rr\    ro 


o    o    o    o    o 


LT\     LT\    J"      t*-     IT\    O 

»h   ^    OJ    o    o    c^- 

ON  CO     ON    ON    ON  CO 


o    o    o    o    o    o 


o   o   o   o   o   o 
p    P    p    p    p    p 


J-    o    oj    r^i  co    <-< 

CM    VO     KN     I^N    tT\    M"\ 


LA    <M     t—    ON  CO     ON 
IA    IA    H     ON  VO    ^± 


w 

Ml 

hn 

6(1 

bn 

c 

oi 

n) 

rt 

nl 

(U 

.a 

a 

A 

a 

-C 

<» 

<u 

0) 

Cl> 

<v    ft 

a 

S 

«H      0) 

H 

c 

U)  -p 

•h 

■H 

•H 

■H 

O   CO    »   s    s   s 


o   o   o   o   o   o 


n)  nj  co  nl  cd  co 

C  C  C  C  C  C 

0]  01  0)  CI  0)  4J 

rH  rH  rH  rH  rH  i-) 

nj  rt  rt  n]  rt  nj 

O  O  U  Co  U  O 


rt    -P     nj    -P 
G    «    C     co 


H     (I)     ri     P. 


CM     C\J     CM 


O     O     O  i-l 


NO    NO 

NO     J-" 

rH      ON     ON 


■-I  ON 


a?    Gf    Of 

o   o   u 


NO    CS     CM 
•H     CM     CM 


^     CS     LTN 
CM    NO     LP, 


<D      V      <D 


-P     .p     -P 


ft 
O 


C\j     H    NO     H     rri    ft]     ON 


CM     CM     O     O     ^H 


.-<0.-iOOO.-iO 


O     O     O     O     ^i 


l/N 

NO 

oo 

ON 

ITN  CO     O 

es 

o 

ON    O      t— 

t— 

=r 

O 

VO 

00 

NO 

oo 

-h   on  id- 

o 

o 

t—  co   o 
co 

in 

CO 

o 

o    o    o    o 


ooooooooooesooo 

PQQQOOOOOOOPQO 


CMNOzJ-knONOnknOnNOlCNKNCMOON 
■"Ht-tCMCMOOCMOOOOj-CMO 


CN^irNirNriCvlHJ-WCDt-    O     OHO 
COPND-NNOOmti^OcnOHHNJ. 


g  u  % 


nj     cd     nJ     aS 


•H      rl      rl      -H      -H      rl      -H      t) 
T3     'CJ     TJ     "CJ     *£J     "&     "&     "^ 

HHMHHHI-lHI-tSS 


zfr     U"\  *■  ON  -H- 

-3--3-  C—  -H-COKNKNOr—  t^OJ 

oj    ojkno    o    c^-on^o    in  o  \d  co    lt\   ltn 

n  ^  (\l  h  O  LfN»-<CO  H  CO  h  CO  ^D  ^ 
f-H^H^HKN^ONOi~«i-i'-IOJrAK\'-'OJ 
I        I        I        I         I        I        I        I        I         I        I        I        I        I 

ONONOOOOOOONOOOOO 

vd  vo   r^  C-—  r^  d—  r^  C—  no   r—  c--  c-—  r—  t— 


n 

"l 

Tf 

a 

f>> 

c 

nj 

to 

(!) 

S 

CM 

c 

hn 

o 

II 

■H 

a 

Ph 

• 

W      O     4->     -H 

aj  -h    -p     n 

£     o     nj     a> 


H 

ft 

M 

F 

o 

M 

P< 

VI 

u 

ft 

V 

H      (.      t,      « 


a)     ti     co     nl 
o     C     O    .p     C 


«      O      t(     >rt 


o 

■p 

0 

<D     -O 

a) 

<u 

O 

ft   T3 

ts 

a 

< 

-  8  - 


The  samples  of  aggregate  received 
were  split  several  times  to  reduce  their 
hulk  size.  One  of  the  final  splits  of 
each  was  pulverized  for  chemical  and 
mineralogical  analyses ,  and  petrographic 
analyses  were  made  on  the  other  final 
split.  All  major  chemical  constituents 
were  determined  for  each  of  the  samples, 
although  only  the  alumina  (AI2O3)  and 
silica  (SiC>2)  analytical  results  are  re- 
ported in  table  1.  Results  of  all  the 
analyses  are  on  open  file  at  the  Illi- 
nois State  Geological  Survey,  Urbana, 
Illinois.  The  major  and  minor  mineral 
components  in  the  sample  were  determined 
by  X-ray  diffraction  analyses  (table  l) . 
All  samples  were  classified  as  either 
limestones  (mainly  CaC03)  or  dolomites 
(mainly  CaC03.MgC03 ) ,  and  they  contain 
various  amounts  of  quartz  (Si02)  and 
clay  (complex  aluminum  silicates)  as  im- 
purities. The  dolomite  composition  of 
each  sample  (table  l)  was  calculated 
from  the  chemical  analysis,  and  its  pres- 
ence was  verified  by  X-ray  diffraction 
when  possible. 


ANALYSIS  OF  RESULTS 


£.0- 

• 
• 

2.6- 

ALL    CARBONATE 
ROCK   SAMPLES 

• 

2.4- 

• 

2.2- 

•  f 

• 

2.0- 

1.8- 

• 
• 

• 

• 

• 

1.6- 

• 
• 

• 

• 

• 

1.4- 

•     • 

• 

• 
• 

• 

• 
• 

1.2- 

• 

. 

•                   m 

- 

•• 

r    * 

• 

10- 

• 
• 

r=O.I4 

S=  1.43  AL  + 9.19 

0.8- 

• 
• 

• 

•    • 
* 

• 

• 

0.6- 
0.4- 

• 

'*  •   1 
•      .  * 

*            *      1 

• 

• 

• 
• 
• 

• 

• 

• 

• 
• 

• 

0.2- 

** 
• 

• 

•  I 

•  1 

• 

•   • 

•    • 

• 

•                                • 

- 

• 

0- 

• 
♦_ 

1                             1 

1111 

1 

15  20  25 

Soundness  loss  (%: 


30 


35 


40 


Fig.  1  -  Alumina  content  (AL)  versus  sound- 
ness loss  (S).   Correlation  coefficient, 
r,  and  linear  regression  equation  for  S, 
in  terms  of  the  independent  variable,  are 
given  here  and  in  similar  later  figures. 


Consideration  of   the  previously 
cited  literature  suggested  that  certain 
properties  of  the  aggregate,  including 
dolomite  content,  water  absorption,  and 
alumina  content ,  might  possibly  be  used 
to  explain  the  behavior  of  the  samples 
in  the  soundness  test.   Graphs  of  these  properties  show  a  wide  scatter  of  data 
points  (figs.  1,  2,  3).   The  values  of  the  correlation  coefficients,  r,  are 
given  on  the  graphs.   The  r  value  gives  a  measure  of  the  scatter  of  the  data 
points  from  the  "best-fit  line,"  the  linear  regression  line.   The  mathematics 
of  linear  regression  and  correlation  are  discussed  in  most  text  books  on  sta- 
tistics, for  example  Huntsberger 's  (1967,  p.  255-27^).  We  assume  the  properties 
selected  for  evaluation  do  indeed  have  some  effect  on  the  behavior  of  the  rock; 
we  therefore  assume  further  that  the  correlation  coefficient  and  its  sign  are 
indicative  of  the  relative  degree  to  which  the  variables  affect  soundness  and  of 
the  direction  of  that  effect. 


A  slight  trend  is  evident  in  figure  1 — as  alumina  content  increases, 
soundness  loss  also  rises.   The  correlation  coefficient,  0.1^,  is  very  low, 
however,  suggesting  alumina  (or  clay  content)  has  relatively  little  direct  ef- 
fect on  soundness  loss.   This  coefficient  is  much  lower  than  the  one  (0.79) 
found  between  the  same  variables  in  the  previous  study  by  Baxter  and  Harvey 
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(1969)«  However,  only  a  fairly  restric- 
tive type  of  limestone  lithology — mostly 
dense  and  fine  grained — was  studied,  and 
all  of  the  samples  were  from  the  upper 
part  of  the  St.  Louis  Limestone.  The 
present  study,  on  the  other  hand,  in- 
cludes a  wide  variety  of  carbonate  rock 
types. 

A  plot  of  dolomite  content  versus 
soundness  loss  (fig.  2)  shows  the  sam- 
ples fall  into  two  distinct  groups, 
limestones  and  dolomites.  Separate  re- 
gression analyses  of  these  groups  show 
weak  correlation  trends.  For  the  lime- 
stones, increasing  dolomite  content  cor- 
relates weakly  with  increasing  soundness 
loss.  When  limestone  data  points  were 
plotted  by  geologic  unit  of  the  samples, 
that  correlation  trend  was  not  evident. 
In  the  dolomite  samples,  increasing  do- 
lomite content  correlates  weakly  with 
decreasing  soundness  loss.  The  dolomite 
samples  of  Silurian  (table  l)  geologic 
units  generally  showed  a  different  trend 
than  the  Ordovician  dolomites. 

The  regression  line  for  water  ab- 
sorption plotted  against  sodium  sulfate 
loss  (fig.  3)  has  a  positive  slope,  in- 
dicating that  as  water  absorption  in- 
creases soundness  loss  increases.  The 
correlation  coefficient  is  somewhat 
higher  (r  =  0.59)  than  those  for  alumina 
and  dolomite  contents,  indicating  that 
water  absorption  is  possibly  one  of  the 
main  factors  determining  the  performance 
of  aggregate  in  the  soundness  test. 


Classification  by  Petrographic  Groups 

Groupings  of  the  data  according  to 
alumina  and  dolomite  contents  were  made 
in  an  effort  to  reduce  the  scatter  of 
points  about  the  regression  line  that 
related  percentage  of  water  absorption 
to  soundness  loss.  Histograms  were  made 
of  the  distribution  of  the  percentage 
of  alumina  content  and  percentage  of  do- 
lomite content  to  see  whether  the  dis- 
tribution of  these  two  components  was 
unimodal  or  whether  it   occurred  in  a 
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Fig.    2   -  Dolomite  content   (DO)   versus   sound- 
ness  loss    (S). 
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Fig.  3  -  Absorption  of  water  (AB)  versus 
soundness  loss  (S). 
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Fig.  4-  -  Frequency  of  the  percentage  of  alumina  in  all  carbonate  rock  samples, 


polymodal  distribution  that  might  suggest  natural  groupings  into  which  the  data 
might  be  classified. 

A  break  occurs  in  the  alumina  distribution  near  0.9  percent  (fig.  h) . 
The  samples  were  thus  divided  into  two  main  groups:  those  with  0.9  percent  or 
less  alumina  and  those  with  more  than  0.9  percent.   We  classified  the  former  as 
low-alumina  carbonate  rocks  and  the  latter  as  high-alumina  carbonate  rocks. 

The  histogram  relating  the  percentage  of  dolomite  mineral  to  its  fre- 
quency of  occurrence  in  the  samples  (fig.  5)  shows  all  of  the  samples  fell  with- 
in two  restricted  ranges:   0  to  i+0  percent  and  60  to  100  percent.   The  samples 
were  thus  further  subdivided  into  two  groups :   those  with  0  to  50  percent  dolo- 
mite mineral,  classified  as  limestones,  and  those  with  more  than  50  to  100  per- 
cent dolomite  mineral,  classified  as  dolomites.  Table  2  shows  the  soundness  data 
grouped  according  to  the  two  classes  and 
their  subdivisions  and  the  mean  and 
standard  deviation  of  soundness  loss  of 
the  classes. 

To  find  out  whether  these  groupings 
were  legitimate ,  that  is ,  whether  the 
groups  showed  a  significant  difference 
in  the  results  of  their  soundness  loss, 
each  group  was  tested  against  the  others 
by  means  of  a  t-test.  The  t-test  is  a 
standard  statistical  procedure  discussed 
in  textbooks  on  statistics,  such  as 
Huntsberger's  (1967). 

A  significance  level  of  a  =  0.10  was 
chosen.  Thus  there  would  be  a  0.90 
probability  that  a  significant  differ- 
ence existed  between  the  two  groups.   At 


0        10      20     30      40      50     60      70      80     90     100 
Dolomite   (%) 

Fig.  5  -  Frequency  of  the  percentage  of  dolo- 
mite in  all  carbonate  rock  samples 
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this  level,  however,  the  test  has  a  0.10  probability  of  indicating  a  signifi- 
cant difference  when  none  actually  exists.   The  range  of  soundness,  though, 
was  small  compared  to  the  range  in  physical  and  chemical  properties.  This  lim- 
ited our  ability  to  analyze  the  relations  between  soundness  and  physical  and 
chemical  properties  because  large  changes  in  those  properties  have  only  a  small 
numerical  effect  on  the  soundness  results.   It  was  decided,  therefore,  to  risk 
the  0.10  probability  of  a  false  indication  of  significant  difference  in  order 
to  reduce  the  probability  of  failing  to  recognize  a  significant  difference. 


Table  3  shows  the  results  of  the  t-test  analyses  of  the  soundness 
loss  data  for  the  low-  and  high-alumina  carbonates ,  and  for  limestones  versus 
dolomites  in  each.  The  calculated  t-statistic  (tcai)  between  groups  I  and  II 
is  greater  than  the  standard  accepted  value,  (tvan ) ,  and,  therefore,  the  dif- 
ferences observed  between  the  two  groups  can  be  considered  significant.  This 
is  suggested  by  comparison  of  the  means  of  the  two  groups  (table  2) .  The  test 
failed  to  show  any  significant  difference  in  the  soundness  loss  between  the 


TABLE  2— GROUPINGS  OF  SOUNDNESS  DATA 


I. 

Low-alumina   carbonate 

rocks 

II.    High- 

-alumina 

carbonate   rocks 

(0.00 
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A1203 ) 
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Al 

203) 
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imestones 

Dolomites 

Limestones 

Dolomites 
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3 

6 
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12.9 

4.4 

11.1 

1 

6 

9.4 

3.6 

33.3 

6.7 

23.6 
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11.9 

8 

5 

2.2 

13.1 

18.1 

9.0 

8.9 

3.2 

18.1 

16.0 

11 

3 

23.2 

15.6 

21.3 

9.4 

8.7 

10.7 

12.8 

16.4 

11 

7 

11.2 

1-7 

6.8 

11.2 

8.7 

18.9 

12.9 

11.0 

14.9 

3.8 

22.0 

12.4 

8.0 

27.5 

10.9 

4.0 

16.4 

5.4 

4.6 

Mean 

9. 

27 

12. 

8] 

Standard 

deviation 

5. 

39 

7. 

81 

r 

No.    s 

ample s 

i 

9 

53 

Mean 

9.20 

9 

.41 

15 

.11 

10.90 

Standard 

deviation 

4.82 

6 

•  50 

9 

.68 

5.46 

No.    s 

ample s 

46 

23 

24 

29 
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TABLE  3 — RESULTS  OF  GROUPING  ON  BASIS  OF  ALUMINA  CONTENT 

AND  DOLOMITE  CONTENT 


Groups  being  compared 


'val^ 


tcal  (a  =   0. 10)t         Group  differences 


Low-   and  high-alumina  carbonate  rocks 

(I  and  II)  2.86 

Low-alumina  limestones  and  dolomites 

(la  and  lb)  0.15 


±  1.66    significant  difference 


1.6? 


no  difference 


High-alumina  limestones  and  dolomites 
(Ha  and  lib) 


l.i 


±  1.68    significant  difference 


*  Standard  accepted  value,  such  as  that  from  Huntsberger  (  1967, 

Appendix  table  III). 
t  Conclusions  drawn  with  10  percent  chance  of  rejecting  a  true 

hypothesis . 

low-alumina  limestones  and  the  low-alumina  dolomites  (note  the  similarity  of 
the  means  of  the  soundness  of  these  two  subclasses  in  table  2).   In  this  case, 
tca]_  is  numerically  less  than  tva]_.   However,  for  the  high-alumina  carbonates, 
the  limestones  and  dolomites  show  a  significant  difference.   The  high-alumina 
limestones  have  a  mean  soundness  loss  of  15.11  percent  compared  to  10.90  per- 
cent for  the  dolomites,  indicating  that  relative  abundance  of  alumina  and  do- 
lomite are  two  of  the  properties  of  the  samples  that  influence  the  soundness 
test  results. 


Graphical  Analysis 

Graphs  were  prepared  for  each  of  the  three  classes  (low-alumina  car- 
bonates, high-alumina  limestones,  and  high-alumina  dolomites).   The  graphs  re- 
late soundness  to  apparent  porosity,  as  measured  by  absorption  of  water  (figs. 
6,  7 »  and  8).   The  correlation  coefficients  and  the  equations  of  the  least- 
squares  regression  lines  for  these  sets  of  data  are  shown  on  the  figures 

Although  the  t-test  showed  no  significant  difference  between  low-al- 
umina limestones  and  dolomites ,  the  regression  analyses  between  the  absorption 
and  soundness  of  the  low-alumina  carbonate  samples  (fig.  6)  showed  that  the 
correlation  of  the  two  groups  separately  is  slightly  higher  (r  =  0.8l  for  lime- 
stones; r  =  0.88  for  dolomites)  than  when  the  groups  are  combined  (r  =  0.77) ■ 
Apparently  the  t-test  was  not  sufficiently  sensitive  to  the  slight  difference 
that  the  two  types  of  carbonates  exhibit.   The  positive  slopes  of  the  regres- 
sion lines  indicate  to  us  that,  for  low-alumina  samples,  water  absorption  has 
a  direct  effect  on  the  performance  of  aggregate  in  the  soundness  test,  causing 
increased  loss  as  absorption  increases.   The  correlation  (r  =  O.Uo)  is  not  as 
good  with  high-alumina  limestones  (fig.  7),  and  a  very  poor  correlation  exists 
between  absorption  and  soundness  losses  for  high-alumina  dolomites  (fig.  8). 
This  low  correlation  for  the  high-alumina  carbonates  is  thought  to  be  caused 
by  the  presence  of  clay  laminations  in  some  samples  and  their  absence  in  others. 
Results  pertaining  to  such  laminations  are  discussed  on  page  17. 
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From  the  graphical  analyses  and  t- 
tests  it  seems  quite  likely  that  clay 
content  (measured  as  A^O^)  and  porosity 
(measured  as  water  absorption )  are 
closely  interrelated  in  their  effect  on 
soundness.  The  effects  of  increased 
water  absorption  may  be  enhanced  by  the 
presence  of  clay,  or  the  effects  of  in- 
creased clay  may  be  enhanced  by  the 
presence  of  water  in  pores  of  the  rock. 
Soundness  and  alumina  plus  absorption 
for  limestones  and  dolomites  (fig.  9) 
have  correlation  coefficients  of  0.70 
and  0.^9,  respectively.  The  correlation 
coefficients  of  the  soundness  and  alu- 
mina times  absorption  are  smaller  for 
both  rock  types.  Thus,  these  data  sug- 
gest the  relation  between  the  variables 
alumina  and  absorption  is  probably  ad- 
ditive in  terms  of  their  effect  on 
soundness,  especially  for  limestones. 


10  15 

Soundness   loss  (%) 


Pig.    6  -  Absorption  of  water   (AB)    of   low-alu- 
mina carbonate  rocks   versus   soundness   loss 
(S). 


There  is  a  considerable  scatter  of 
data  points  on  the  graphs  illustrating 
these  trends ,  and  we  suspect  now  that 
the  three  properties,  alumina,  dolomite 
content,  and  absorption,  are  not  the 
only  variables   affecting  the  performance 

of  the   aggregates   in  the   sulfate   soundness  tests.      To  test  that  belief,   20  rep- 
resentative  samples  were  chosen  from  the  three  groups   for   further  tests :      five 
with  data  points   above  the  trends   shown  in  the  graphs    (figs.    6,  7>   and  8)   10  with 
data  points  on  the  trends   established,   and  five  with  data  points  below  the  trends. 
Table  k  lists  the   samples   chosen. 

Hardness   and  Mean  Pore   Size 
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Fig.  7  -  Ab 
alumina  1 
(S). 


sorption  of  water  (AB)  of  high- 
imestones  versus  soundness  loss 


Two  other  variables  were  considered, 
hardness  and  pore-size  distribution.  The 
Rockwell  hardness  of  the  samples  was 
measured  by  a  Clark  Hardness  Tester  with 
a  ball  indentor  one-eighth  of  an  inch  in 
diameter  and  a  load  of  150  kilograms 
(Rockwell  scale  K) .  Twenty  measurements 
were  made  on  polished  sections  of  repre- 
sentative pieces  of  aggregate,  and  the 
mean  test  result  was  taken  as  the  hard- 
ness for  the  sample.  The  pore-size  dis- 
tribution was  determined  with  a  Quant imet 
Image  Analyzing  Microscope  by  techniques 
described  by  Harvey  and  Steinmetz  (l97l). 
This  method  detects  and  measures  the 
length  of  chords  across  pores  0.9  or  more 
microns  (um)  in  diameter  on  polished  sec- 
tions  of  the  sample.   The  mean  of  the 
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chord  lengths  ,  measured  from  30  or  more 
microscopic  fields  of  view,  was  taken  to 
be  characteristic  of  the  size  of  pores 
in  the  sample. 

The  results  of  the  analyses  for 
hardness  and  mean  pore  size,  along  with 
other  petrographic  observations,  are 
listed  in  table  h.  The  mean  hardness  for 
the  limestones  in  relative  and  arbitrary- 
units  is  78.8,  and  for  the  dolomites  it 
is  82.7.  The  mean  of  the  mean  pore  size 
is  h.5  urn  for  the  limestones  and  6.2  urn 
for  the  dolomites. 

Soundness  loss  was  plotted  against 
alumina,  dolomite,  and  absorption  of 
water  for  the  20  selected  samples,  and, 
as  the  same  general  trends  and  correla- 
tion coefficients  were  obtained  for 
these  samples  as  were  obtained  for  the 
original  samples  (figs.  1,  2,  3),  they 
are  not  shown  here.  Soundness  loss 
plotted  against  hardness  and  mean  pore 
size  for  the  20  samples  is  shown  in  fig- 
ure 10. 
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Pig.  8  -  Absorption  of  water  (AB)  of 
high-alumina  dolomites  versus  sound- 
ness loss  (S). 
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Fig.  9  -  A.   Absorption  +  alumina  (AA)  of 
limestones  versus  soundness  loss  (S). 

B.   AA  of  dolomites  versus  sound- 
ness loss  (S). 


A  very  significant  correlation  (r  = 
-O.80)  was  observed  between  hardness  of 
limestones  and  their  soundness  loss (fig. 
10A)  that  indicates  that  hardness  is  a 
major  property  affecting  the  behavior  of 
the  aggregate  in  the  soundness  test.  It 
is  evident  that  the  harder  the  stone  the 
lower  the  soundness  loss.  Dolomites  show 
(fig.  10A)  the  same  significant  correla- 
tion (r  ■  -0.80).   The  rate  of  increase 
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TABLE  k— DETAILED  ANALYSES  ON  SELECTED  SAMPLES 


Classifi- 

Absorption 

Sample 

Soundness 

cation  of 

Mean  pore 

of  water 

number 

loss    (%) 

particles* 

Color 

Grain  size 

Structure 

Hardness t 

sizet   (\im) 

{%) 

70-11+06 

1.6 

Dol 

gray 

medium 

isotropic 

92.4 

4.2 

1.4 

70-1657 

2.2 

Dol 
&  Ls 

gray  & 
brown 

variable 

isotropic 

80.4 

3.0 

2.0 

70-1353 

3.6 

Ls 

gray 

fine 

isotropic 

85.6 

5-5 

0.6 

70-1356 

4.1 

Dol 

mixed 
gray 

variable 

isotropic 

84.0 

10.2 

5.2 

70-192 

4.8 

Ls 

brownish 
gray 

variable 

isotropic 

82.4 

5.1 

0.9 

70-2051 

4.8 

Dol 

light 
gray 

variable 

isotropic 

90.3 

4.8 

1.2 

70-878 

8.3 

Ls 

mixed 
gray 

fine 

isotropic 

78.5 

3.7 

0.7 

70-507 

8.5 

Dol 

light 
gray 

medium 

isotropic 

81.7 

7-3 

2.0 

70-506 

8.9 

Dol 

light 
gray 

variable 

laminated 

87.3 

10.7 

1-9 

70-657 

9.2 

Ls 

light 
gray 

fine 

isotropic 

79-4 

2.6 

0.9 

70-820 

11.0 

Dol 

light 
gray 

fine 

isotropic 

84.3 

8.0 

3.0 

70-879 

11.2 

Ls 

mixed 
gray 

fine 

partly 

laminated 

76.6 

3.4 

5.0 

70-13 

11.3 

Dol 
&  Ls 

gray 

variable 

laminated 

79-9 

6.4 

2.6 

69-10392 

15.6 

Ls 

brownish 
gray 

fine 

partly 

laminated 

76.6 

7-7 

3.5 

70-1961 

16.4 

Dol 

brownish 
gray 

variable 

partly 

laminated 

81.8 

2.6 

2.8 

69-13813 

16.5 

Ls 

gray 

fine 

partly 

laminated 

77-7 

2.4 

2.0 

70-3107 

17.5 

Dol 

brownish 
gray 

variable 

isotropic 

76.7 

5.5 

2.3 

70-2984 

18.1 

Ls   & 

dark  & 

variable 

partly 

78.9 

6.1 

5.1 

Dol 

light  gray 

laminated 

69-11373 

23.2 

Dol 

brown 

variable 

isotropic 

65.5 

5.6 

6.0 

69-IO678 

36.3 

Ls 

mixed 
gray 

fine 

laminated 

73.6 

4.2 

1.6 

*  Dol  for  dolomite,  Ls  for  limestone. 

t  Rockwell  scale  K. 

+  The  mean  of  the  distribution  of  lengths  of  chords  across  pores,  observed  with  a  microscope, 

on  carefully  polished  and  random  cross-sectional  surfaces  (Harvey  and  Steinmetz,  1971 ) . 

The  smallest  pore  resolved  and  measured  was  0.9  p.m  in  diameter. 


of  soundness  loss  with  respect  to  decreasing  hardness  for  limestones  is  more 
than  twice  that  for  dolomites.  Mean  pore  size  as  we  measured  it,  however,  does 
not  seem  to  have  a  significant  effect  on  soundness  (fig.  10B) . 

In  an  effort  to  characterize  the  combined  effect  of  two  or  more  of 
the  variables  on  the  soundness  loss,  several  multiple  regression  correlation 
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experiments  (tables  5  and  6)  were  made 
on  the  data.  Each  experiment  involved 
different  independent  variables.  The  re- 
gression correlation  analyses  were  per- 
formed in  a  step-wise  procedure  that  al- 
lows the  assessment  of  the  relative 
rank  that  each  independent  variable  has 
in  maximizing  the  correlation  or  "good- 
ness of  fit."  The  intercept  and  coeffi- 
cients given  for  each  experiment  define 
an  equation  of  the  estimate  of  soundness 
loss,  S*.  In  experiment  1,  for  example 
(table  5) : 

S*  =  219.2  -  2.6  H  +  1.1  P  - 

1.1  AB  -  0.0*+  DO  -  O.k   AL, 

where  H  is  the  hardness,  P  the  mean  pore 
size,  AB  the  absorption  of  water,  DO  the 
dolomite  content ,  and  AL  the  alumina 
content  of  a  sample  of  limestone  for 
which  a  prediction  of  the  soundness  loss 
is  desired.  The  subscripts  to  the  coef- 
ficients given  in  table  5  indicate  the 
rank  of  the  variable  as  it  is  determined 
in  the  step-wise  regression  model.  Hard- 
ness has  the  highest  rank  of  1  in  each 
experiment,  which  indicates  it  is  the 
most  significant  variable.  Mean  pore 
size  ranks  2  for  limestones  but  5  for 
dolomites  (table  6).  Absorption  ranks 
higher  than  alumina  for  limestones  but 
lower  than  alumina  for  dolomites. 
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Soundness  loss  (%) 
Pig.  10  -  A.   Hardness  (H)  of  selected  sam- 
ples of  limestones  and  dolomites  versus 
soundness  loss  (S). 

B.   Mean  pore  size  (P)  of  the 
selected  samples  versus  soundness  loss 
(S). 


The  best  correlation  coefficients  are  obtained  when  all  five  variables 
are  included  in  the  analysis — 0.83  for  limestones  and  O.85  for  dolomites.   Some 
reduction  in  correlation  occurs  when  variables  are  removed,  except  in  experiment 
h   for  limestone  (table  5)  and  experiment  2  for  dolomites  (table  6).   It  appears 
from  these  analyses,  therefore,  that  one  could  consider  only  hardness  and  absorp- 
tion in  the  evaluation  of  limestones  and  only  hardness,  alumina,  and  absorption  in 
the  evaluation  of  dolomites  to  obtain  a  prediction  of  soundness  as  good  as  one  made 
when  all  the  variables  are  considered.   The  regression  equations  predict  the  sound- 
ness loss  (S)  with  a  standard  error  of  estimate  of  4.3  to  8.9  percentage  points. 
The  standard  error  of  estimate  is  obtained  from  (S  -  S*)2/(n  -  1  -  k)  ,  where  S  is 
the  observed  (test  result)  and  S*  the  predicted  soundness  loss,  n  the  number  of  sam- 
ples, and  k  the  number  of  independent  variables  used  in  the  regression  equation. 


For  17  out  of  the  20  samples,  the  regression  equations  predict  which 
of  the  samples  would  be  correctly  judged  as  acceptable  in  Illinois  (15  percent 
loss  or  less)  and  unacceptable  (more  than  15  percent).   The  regression  analy- 
sis predicts  the  soundness  loss  of  dolomites  slightly  more  successfully  than 
it  does  that  of  limestones. 
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TABLE  5— STATISTICAL  ANALYSES  OF  DATA  ON  NINE  LIMESTONE  SAMPLES 


MULTIPLE  CORRELATION  (Dependent  variable  is  soundne 

ss  loss, 

s) 

■p 

Coeff 

'icient  of  independent 

0) 

variables 

and  their  rank 

(subscript) 

Corr. 

Standard 

e 

•H 

Mean 

error 

p. 

S 

pore 

coef . , 

estimate 

intercept 

Hardness 

size 

Absorption 

Dolomite 

A1203 

r 

of  S 

1 

219.2 

-2.6! 

+  1.12 

-I.I3 

-0.0\ 

-o.S 

0.83 

8.9 

2 

215.8 

-2.5i 

X* 

-0.52 

-O.O63 

-1.74 

0.82 

8.1 

3 

200.7 

-2-^1 

X 

-0.62 

X 

-0.63 

0.8l 

7.4 

4 

202.9 

-2.^ 

X 

-0.62 

X 

X 

0.8l 

6.7 

5 

191.9 

-2.3 

X 

X 

X 

X 

0.80 

6.3 

*  X  indicates  this  variable  is  not  considered  in  this  experiment. 


Rock  Structure 

Petrographic  descriptions  of  the  selected  samples  were  made  and  or- 
ganized on  the  basis  of  rock  type  (limestone  or  dolomite),  color,  relative 
grain  size,  and  structure  (table  k) .      The  characterization  of  structure  based 
on  the  presence  or  absence  of  parallel  laminations  or  bands  of  component  min- 
eral grains  was  made  by  microscopic  examination  of  polished  sections.   The 
samples  that  consisted  entirely  of  nonlaminated  stone  particles  were  classi- 
fied as  isotropic;  samples  which  had  laminations  within  each  particle  were 
classified  as  laminated.   Samples  consisting  of  mixed  nonlaminated  and  lami- 
nated particles  were  classified  as  partly  laminated.  For  convenience,  the  sound- 
ness loss  and  absorption  data  from  table  1  are  repeated  in  table  h.      The  sam- 
ples are  listed  in  the  table  in  order  of  increasing  loss  of  soundness. 

Seven  out  of  nine  samples  with  soundness  losses  greater  than  11  per- 
cent have  partly  laminated  or  laminated  structures  (table  h) ;  the  two  excep- 
tions are  characterized  by  having  an  extra-high  absorption  or  extra-low  hard- 
ness.  One  laminated  sample  (a  dolomite  with  extra-large  pores)  had  a  sound- 
ness loss  of  less  than  11.0  percent,  but  laminated  structure  in  aggregate  pieces 
is  definitely  a  significant  factor  contributing  to  increases  in  soundness  loss. 


CONCLUDING  REMARKS 


The  complexity  and  interrelation  of  properties  that  are  thought  to 
influence  the  soundness  behavior  of  carbonate  rocks  are  evident  in  this  prog- 
ress report.   Hardness,  absorption  of  water,  alumina  content,  dolomite  content, 
and  laminated  microstructure ,  which  are  the  principal  properties  found  to  cor- 
relate with  soundness,  may  be  useful  in  predicting  the  sodium  sulfate  soundness 
of  carbonate  rocks  that  are  to  be  used  for  aggregate.   The  following  correlations 
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TABLE  6— STATISTICAL  ANALYSES  OF  DATA  ON  ELEVEN  DOLOMITE  SAMPLES 


MULTIPLE  CORRELATION  (Dep< 

;ndent  variable  is  soundne 

ss  loss, 

s) 

! 

Coeff 

'ic: 

Lent  of  independent 

variables 

and  their  rank 

( subscript) 

Corr. 

Standard 

Mean 

error 

P. 
X 

S 

pore 

coef . , 

estimate 

intercept 

Hardness 

size 

Absorption 

Dolomite 

A1203 

r 

of  S 

1 

98.9 

-o.9i 

0.25 

-1.03 

-0.2^ 

H-.l2 

O.85 

5.2 

2 

93.2 

-o.9l 

X* 

-i.o3 

-O.I4 

4.42 

O.85 

M 

3 

88.6 

-LOj 

X 

-1.33 

X 

4.72 

0.8J+ 

±A 

Hr 

70.3 

-o.81 

X 

X 

X 

3.22 

0.82 

4.3 

5 

72.1 

-0.8 

X 

X 

X 

X 

0.80 

kA 

*   X  indicates  this  variable  is  not  considered  in  this  experiment. 

of  these  properties  with  soundness  loss  became  evident : 

1.  When  hardness  (measured  by  the  Rockwell  scale  K  on 
polished  specimens)  decreases,  soundness  loss 
increases. 

2.  When  water  absorption  increases,  soundness  loss 
tends  to  increase.  This  is  especially  true  for 
rocks  that  are  relatively  free  of  clay  (alumina 
<  0.9  percent) . 

3.  When  dolomite  content  in  limestones  increases, 
the  soundness  loss  tends  to  increase  slightly. 
Conversely,  when  dolomite  content  in  dolomite 
rocks  increases,  the  soundness  loss  tends  to 
decrease  slightly.   The  dolomite  content  is  most 
useful  for  classifying  the  sample  as  either 
limestone  or  dolomite  rock,  which  must  be  eval- 
uated separately. 

k.      When  laminations,  which  may  be  observed  in 
microscope  studies  of  polished  surfaces ,  oc- 
cur within  the  aggregate  particles,  soundness 
loss  is  nearly  always  higher  than  11  percent. 


5.   Clayey  limestones  (those  with  0.9  percent  or 
more  alumina)  have  an  average  soundness  loss 
twice  that  of  limestones  that  are  relatively 
free  of  clay.   Clayey  dolomites  have  sound- 
ness losses  that  average  about  the  same  as 
those  for  purer  dolomites. 
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Although  the  information  revealed  in  this  report  is  useful,  the 
properties  studied  do  not  predict  soundness  loss  -with  sufficient  accuracy, 
and  further  studies  are  being  made.   The  highest  correlation  coefficient  we 
obtained  from  our  data  by  multiple  correlation  regression  analysis  was  O.85. 
In  this  study  it  would  have  been  desirable  to  have  a  coefficient  of  at  least 
0.90.   Insufficient  precision  in  determinations  of  soundness  loss  and  other 
properties  and  the  possibility  that  our  samples  were  not  truly  representative 
probably  account  for  some  of  the  residual  error  in  the  soundness  predictions. 
Hardness  tests  and  petrographic  studies  of  the  remaining  samples  to  be  studied 
are  now  in  progress. 


-  20  - 

REFERENCES 

Adams,  Andrew,  and  H.  A.  Pratt,  19^5,  A  comparison  of  absorption  and  soundness  tests  on  Maine 
sands:   Am.  Soc.  Testing  and  Materials  Proc,  v.  45,  p.  771-776. 

Baxter,  J.  W.,  and  R.  D.  Harvey,  1969,  Alumina  content  of  carbonate  rocks  as  an  index  to 
sodium  sulfate  soundness:   Illinois  Geol.  Survey  Industrial  Minerals  Note  39,  10  p. 

Dunn,  J.  R.,  and  P.  P.  Hudec,  1966,  Water,  clay  and  rock  soundness:   Ohio  Journal  of  Sci- 
ence, v.  66,   no.  22,  p.  153-168. 

Dunn,  J.  R.t  and  P.  P.  Hudec,  1972,  Frost  and  sorption  effects  in  argillaceous  rocks:   Natl. 
Res.  Council,  Highway  Research  Board,  Highway  Research  Record  393,  p.  65-78. 

Harvey,  R.  D.t  and  J.  C.  Steinmetz,  1971,  Petrography  of  carbonate  rocks  by  image  analysis: 
7th  Forum  on  Geology  of  Industrial  Minerals  Proc,  Florida  Bur.  Geology  Spec.  Pub.  17, 
p.  161-170. 

Huntsberger,  D.  V.,  1967,  Elements  of  statistical  inference:   2nd  ed.,  Allyn  and  Bacon,  Inc., 
Boston,  398  p. 

Mather,  Katharine,  1947,  Relation  of  absorption  and  sulfate  test  results  on  concrete  sands: 
Am.  Soc.  Testing  and  Materials  Bull.,  no.  144,  p.  26-31. 

Powers,  T.  C,  1955,  Basic  considerations  pertaining  to  freezing-and- thawing  tests:   Am.  Soc. 
Testing  and  Materials  Proc,  v.  55,  p.  1132-1155. 

Verbeck,  George,  and  Robert  Landgren,  i960,  Influence  of  physical  characteristics  of  aggregates 
on  frost  resistance  of  concrete:   Am.  Soc.  Testing  and  Materials  Proc,  v.  60,  p.  1063- 
1979. 

Woolf,  D.  D.,  1928,  Relation  between  sodium  sulfate  soundness  tests  and  absorption  of  sed- 
imentary rocks:   Rock  Products,  Jan.  7,  p.  39* 


SELECTED  LIST  OF  SURVEY  PUBLICATIONS 

MINERAL  ECONOMICS  BRIEFS  SERIES 

5.  Summary  of  Illinois  Mineral  Production  in  1961.   1962. 

11.  Shipments  of  Illinois  Crushed  Stone,  1954-1964.   1966. 

12.  Mineral  Resources  and  Mineral  Industries  of  the  East  St.  Louis  Region,  Illinois.   1966. 

13.  Mineral  Resources  and  Mineral  Industries  of  the  Extreme  Southern  Illinois  Region.   1966. 
17.  Mineral  Resources  and  Mineral  Industries  of  the  Springfield  Region,  Illinois.   1967. 

19.  Mineral  Resources  and  Mineral  Industries  of  the  Western  Illinois  Region.   1967. 

20.  Mineral  Resources  and  Mineral  Industries  of  the  Northwestern  Illinois  Region.   1967. 

21.  Illinois  Mineral  Production  by  Counties,  1966.   1968. 

22.  Mineral  Resources  and  Mineral  Industries  of  the  Northeastern  Illinois  Region.   1968. 

26.  Evaluation  of  Fuels — Long-Term  Factors  and  Considerations.   1969. 

27.  Illinois  Mineral  Production  by  Counties,  1968.   1970. 
29.  Directory  of  Illinois  Mineral  Producers.   1971» 

INDUSTRIAL  MINERALS  NOTES  SERIES 

13.  Summary  of  Illinois  Mineral  Industry,  1951-1959-   196l. 

17.  Pelletizing  Illinois  Fluorspar.   1963. 

19.  Binding  Materials  Used  in  Making  Pellets  and  Briquets.   1964- . 

20.  Chemical  Composition  of  Some  Deep  Limestones  and  Dolomites  in  Livingston  County,  Illinois.  1964. 

21.  Illinois  Natural  Resources — An  Industrial  Development  Asset.   1964. 

23.  Limestone  Resources  of  Jefferson  and  Marion  Counties,  Illinois.   19^5  • 

24.  Thermal  Expansion  of  Certain  Illinois  Limestones.   1966. 

26.  Binders  for  Fluorspar  Pellets.   1966. 

27.  High-Purity  Limestones  in  Illinois.   1966. 

29.  Clay  and  Shale  Resources  of  Clark,  Crawford,  Cumberland,  Edgar,  Effingham,  Jasper, 

and  Vermilion  Counties.   1967. 

30.  Lightweight  Bricks  Made  with  Clay  and  Expanded  Plastic.   1967. 

31.  Clays  as  Binding  Materials.   1967. 

32.  Silica  Sand  Briquets  and  Pellets  as  a  Replacement  for  Quartzite.   1968. 

34.  Neutron  Activation  Analysis  at  the  Illinois  State  Geological  Survey.   1968. 

35-  Computer-Calculated  Lambert  Conformal  Conic  Projection  Tables  for  Illinois  (7.5-Minute 

Intersections).   1968. 

36.  Beneficiation  of  Kaolinite  Clay  from  Silica  Sand  Washings.   1968. 

37-  Peat  and  Humus  in  Illinois.   1969. 

38.  Kankakee  Dune  Sands  as  a  Commercial  Source  of  Feldspar.   1969. 

39.  Alumina  Content  of  Carbonate  Rocks  as  an  Index  to  Sodium  Sulfate  Soundness.   1969. 

40.  Colloidal-Size  Silica  Produced  from  Southern  Illinois  Tripoli.   1970. 

41.  Two -Dimensional  Shape  of  Sand  Made  by  Crushing  Illinois  Limestones  of  Different  Textures.   1970. 

42.  An  Investigation  of  Sands  on  the  Uplands  Adjacent  to  the  Sangamon  River  Floodplain: 

Possibilities  as  a  "Blend  Sand"  Resource.   1970. 

43.  Lower  Mississippi  River  Terrace  Sands  as  a  Commercial  Source  of  Feldspar.   1970. 

44.  Analyses  of  Some  Illinois  Rocks  for  Gold.   1970. 

45.  Clay  and  Shale  Resources  of  Madison,  Monroe,  and  St.  Clair  Counties,  Illinois.   1971. 

46.  Sideritic  Concretions  in  Illinois  Shale,  Gravel,  and  Till.   1972. 

47.  Selected  and  Annotated  List  of  Industrial  Minerals  Publications  of  the  Illinois  State 

Geological  Survey.   1972. 

ILLINOIS  MINERALS  NOTES  SERIES 
(The  Illinois  Minerals  Notes  Series  continues  the  Industrial  Minerals  Notes 
Series  and  incorporates  the  Mineral  Economics  Briefs  Series) 

48.  Illinois  Mineral  Production  by  Counties,    1970.      1972. 

49.  Clay  and  Shale  Resources   of  Peoria  and  Tazewell  Counties,   Illinois.      1973. 

50.  By-Product  Gypsum   in  Illinois — A  New  Resource?      1973. 

51.  Illinois   Mineral  Production  by  Counties,    1971.      1973. 

52.  Fuels   and  Energy  Situation  in  the  Midwest   Industrial  Market.      1973- 

53.  Coal  Resources   of  Illinois.      1974. 


